Flow reversal promotes intimal thickening in vein grafts  by He, Yong et al.
BASIC RESEARCH STUDIESFrom
an
an
U
This
H
Auth
Add
Rep
U
(e
The
to
m
0741
Pub
http
OpenFlow reversal promotes intimal thickening in vein
grafts
Yong He, PhD,a,b Chessy M. Fernandez, MS,a,c Zhihua Jiang, MD, PhD,a,b Ming Tao, MD,a,b
Kerri A. O’Malley, PhD,a,b and Scott A. Berceli, MD, PhD,a,b Gainesville, Fla
Objective: After vascular interventions, unidentiﬁed mechanisms disrupt the homeostasis of a focal narrowing to initiate an
intimal thickening response. We hypothesize that perturbations in the hemodynamic microenvironment are the initiating
event for this disruption of homeostasis and intimal thickening in vein bypass grafts. The objective of this study was to
investigate the relation between local ﬂow perturbations and its inﬂuence on the vein graft architecture.
Methods: An external ligature was used to create an 80% focal midgraft stenosis in bilateral rabbit carotid vein grafts. A
unilateral distal ligation created a ninefold difference in ﬂow rate between high-ﬂow and low-ﬂow grafts. Ten vein grafts
were harvested at 28 days and serially sectioned for morphologic evaluation and vein graft reconstruction. Computational
ﬂuid dynamics analyses were performed to examine the hemodynamic environment within these complex ﬂow regions.
Results: The largest intimal thickening occurred exclusively within the region immediately distal to the maximum stenosis
in high-ﬂow grafts, which was characterized by persistent ﬂow separation and reversal for the entire cardiac cycle. In
regions of low to moderate shear stress (<5 Pa), the typical inverse correlation between intimal thickness and wall shear
was observed.
Conclusions: Regions of vein bypass grafts exposed to persistent ﬂow reversal are most at risk for intimal thickening and
loss of lumen. (J Vasc Surg 2014;60:471-8.)
Clinical Relevance: The current paradigm that intimal thickening of vein bypass grafts is induced by low wall shear fails to
provide a mechanistic understanding for the development of severe, stenotic lesions that are observed in human vein
grafts. Resulting from a reduced luminal diameter at the site of a stenotic lesion, wall shear increases, and it is predicted
that the rate of intimal thickening should be diminished and the graft architecture stabilized. We have identiﬁed that
when stenotic lesions induce persistent distal ﬂow reversal, the homeostasis between wall shear and intimal thickening is
lost, leading to destabilization, accelerated intimal thickening, and loss of lumen.Surgical revascularization using autologous veins
remains among the dominant therapeutic options for
peripheral arterial disease. However, w40% of lower
extremity vein bypass grafts develop occlusive lesions or
fail #1 year after implantation due primarily to the unfa-
vorable response of the vein grafts to the new arterial
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 access under CC BY-NC-ND license.has been intimately linked to the local hemodynamic
environment. Animal experimentation2-4 and clinical
observation5,6 have identiﬁed wall shear stress (WSS) as
a key hemodynamic parameter during this adaptation
process, and the standard paradigm of vascular remodel-
ing has been established, where a reduction in WSS accel-
erates the intimal hyperplastic response and leads to
luminal narrowing. Resulting from the reduced luminal
diameter, WSS increases and the rate of intimal growth
and further luminal narrowing is diminished. Although
this idealized feedback loop is attractive in its simplicity
and likely valid within a uniform ﬂow ﬁeld, it predicts
an equilibrium state and fails to explain the progressive
formation of severe stenotic lesions that eventually lead
to human graft failure.
Inherently associated with curvature and pre-existing
luminal irregularities,7 clinical vein grafts are far from ideal-
ized straight cylindrical conduits. The resulting ﬂow
patterns demonstrate signiﬁcant complexity, with areas of
ﬂow separation, reversal, and vortex formation.8 Although
disturbed ﬂow has long been postulated as the underlying
factor of vein graft failure, the direct evidence is lacking.
We hypothesize that complex hemodynamics disrupt the471
Fig 1. A focal 80% midgraft stenosis was created in rabbit carotid
vein grafts at both sides of the neck. Complete ligation of the
internal carotid artery and three of the four external carotid
branches at one side of the neck was used to modulate ﬂow and
examine the inﬂuence of the ﬂow patterns on the development of
intimal thickening within the stenotic region.
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objective of this study was to investigate the relation
between local ﬂow perturbations and its inﬂuence on the
vein graft architecture.
METHODS
A focal stenosis was created and ﬂow rate manipulation
was performed in rabbits to induce a wide spectrum of
complex hemodynamic environments in vein grafts. By
coupling computational ﬂuid dynamics (CFD) simulations
with detailed morphologic evaluation, the relation between
local hemodynamic environment and intimal formation
was statistically analyzed.
Focal stenosis creation in vein grafts. Vein graft
implantation was performed in our laboratory as described
previously4 (Fig 1) and approved by a local Institutional
Animal Care and Use Committee. Brieﬂy, bilateral
common carotid artery interposition graft implantation
using ipsilateral jugular vein was performed in ﬁve New
Zealand White male rabbits (weight, 3.0-3.5 kg). A 3F
(0.95-mm external diameter) polyethylene mandrel placed
external to the graft was used to create an 80% focal area
reduction through placement of an 8-0 silk suture ligature
in the midportion of each graft.
To examine the effect of stenosis under a range of
hemodynamic conditions, a differential in ﬂow between
the two grafts of the same rabbit was induced through
unilateral complete ligation of the internal carotid artery
and three of the four branches of the external carotid
artery. The graft with distal branch ligation had low ﬂow,
while the other graft, without distal ligation, in the same
rabbit had compensatory high ﬂow. Flow rates after distal
carotid ligation were measured using an ultrasonic trans-
ducer (model T106, probe 2SB; Transonic Systems Inc,
Ithaca, NY). By using this technique, an approximate nine-
fold difference in mean ﬂow rate between high-ﬂow and
low-ﬂow grafts was obtained.
Histomorphometric analysis of vein grafts. Rabbit
grafts were harvested at 28 days, perfusion-ﬁxed with10% formalin at a pressure of 80 mm Hg, embedded in
parafﬁn, and sectioned at 5-mm intervals. Every tenth
section was collected, with the location of each section
recorded with reference to the midgraft stenotic ligature.
Sections were stained using Masson trichrome (Fig 2), and
morphologic measurements (luminal and intimal cross-
sectional areas) were obtained using AxioVision 4.4 (Carl
Zeiss Inc, Thornwood, NY). The luminal diameter and
average intimal thickness were calculated as previously
described.9 The geometry at implantation was used for
CFD simulations and was derived by deducting the intimal
thickness from the luminal diameter measured from the
histologic sections assuming negligible initial intimal
thickness in healthy rabbit veins.
CFD simulations. Detailed mapping of the ﬂow ﬁelds
in vein grafts was obtained using CFD simulations. Inlet
and outlet extensions (with a length 10 times the graft
diameter) were added to facilitate a fully developed inlet
ﬂow condition and to reduce outlet boundary interference
respectively in Gambit 2.4.6 (Ansys Inc, Canonsburg, Pa).
An axisymmetric graft model was used, and meshes were
generated using curvature size functions to provide
increased resolution within the region of the focal stenosis
where signiﬁcant curvature existed (Supplementary Fig, A,
online only). Four layers of quadrilateral cells were used in
the region close to the wall, and a triangular mesh was used
in other areas to accommodate the complex geometry
within the stenosis. Mesh sensitivity analyses veriﬁed
independence of ﬂow on mesh density.
CFD simulations were implemented in Ansys Fluent
6.3.26 using the standardized approaches for incompress-
ible, unsteady laminar ﬂow with a rigid wall.10 The non-
Newtonian Carreau-Yasuda viscosity model of blood was
used.11 The shear rates in the rabbit low-ﬂow and high-
ﬂow simulations ranged from 1 to 7000 seconds1 and 1
to 72,500 seconds1, respectively. A pulsatile, plug ﬂow
boundary condition was applied to the inlet, with the
mean velocity calculated from the ﬂow rate at the time of
graft implantation (Supplementary Fig, B, online only).
Although the ﬂow rate was positive throughout the cardiac
cycle for high-ﬂow grafts, low-ﬂow grafts demonstrated
transient ﬂow reversal during diastole. A constant pressure
was applied to the outlet. The solver was pressure-based
and segregated, with pressure-velocity coupling via the
semi-implicit method for pressure linked equations
(SIMPLE).12 The unsteady term with time was discretized
implicitly with second-order accuracy and a time step size
of 0.001 seconds. The solution was converged in the
second cardiac cycle so data from the second cycle were
used for further analyses. Regional and temporal changes
in WSS were further evaluated using WSS spatial gradient
(WSSG)13 and oscillatory shear index (OSI),14 respectively.
Statistical analysis. Data are presented as mean 6
standard error of the mean. Differences in WSS or intimal
thickness were compared using the two-sided t-test or the
Mann-Whitney rank sum test in SigmaPlot 11 software
(Systat Software Inc, Chicago, Ill). The relationship
between intimal thickness and WSS parameters was studied
Fig 2. Masson’s stained sections from high-ﬂow and low-ﬂow rabbit vein grafts obtained at 28 days after implanta-
tion. A, Whole cross-section (original magniﬁcation 2.5) and (B) high-resolution images (original
magniﬁcation 40) are provided. The site of ligature placement (maximum stenosis) was deﬁned as the zero location.
The positions of the sections are designated by the distance proximal or distal to the maximum stenosis, and the
negative positions correspond to the proximal region (closer to the heart).
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considered to be statistically signiﬁcant.
RESULTS
Hemodynamics proﬁle. Mean ﬂow rates measured
4.2 6 0.8 mL/min in low-ﬂow grafts and 38.8 6
5.5 mL/min in high-ﬂow grafts (n ¼ ﬁve per ﬂow condi-
tion). This resulted in mean and peak Reynolds numbers
well within the laminar ﬂow regimen, ranging from 19 6 4
to 726 15 in low-ﬂow grafts and 1876 12 to 3566 23 in
high-ﬂow grafts at the stenosis throat (maximum stenosis),
respectively. Representative velocity proﬁles are provided in
low-ﬂow (Fig 3, A and B) and high-ﬂow (Fig 3, C and D)
grafts at peak systole and diastole. Although regions of ﬂow
reversal immediately distal to the throat were observed
in low-ﬂow grafts during systole, no reversal occurredduring diastole. In contrast, high-ﬂow grafts demonstrated
an elevation in centerline velocity and an extended recircu-
lation zone distal to the throat throughout the entire cardiac
cycle.
Time-averaged WSS in the regions proximal to the
throat (at a position 0.7 mm) was 0.16 6 0.06 Pa
(1 Pa ¼ 10 dyne/cm2) in low-ﬂow grafts and 0.94 6
0.2 Pa in high-ﬂow grafts (Fig 4, A). Compared with
low-ﬂow grafts, the time-averaged WSS was signiﬁcantly
elevated in high-ﬂow grafts (P ¼ .008). High-ﬂow grafts
also had higher WSS in the region distal (at a position
1.1 mm) to the throat of 0.46 6 0.1 Pa vs 0.05 6
0.02 Pa for low-ﬂow grafts (P ¼ .008). In high-ﬂow grafts,
the maximum WSS in the throat region (deﬁned as 150
to 500 mm) was 20-fold greater and shifted slightly
proximal to the throat compared with low-ﬂow grafts.
Fig 3. Velocity proﬁles and streamlines within rabbit vein grafts were obtained from computational ﬂuid dynamics
simulations. The local direction of ﬂow is represented by the white streamlines, with regions of ﬂow reversal demon-
strated by the closed-loop streamlines. Distal to the stenosis throat, low-ﬂow grafts demonstrated (A) a transient region
of ﬂow reversal that was present at peak systole but (B) was replaced with forward ﬂow later in diastole. C andD,High-
ﬂow grafts exhibited an extended region of ﬂow reversal that was persistent throughout the entire cardiac cycle.
Dynamic ﬂow waveforms and the timing for image capture are provided adjacent to each simulation, for reference.
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mean WSS that corresponded to the persistent recirculation
region distal to the throat in these conduits. A steep WSSG
was present around the throat in high-ﬂow grafts (Fig 4,
B). With a relatively persistent zone of ﬂow separation,
the OSI, which is an assessment of relative proportion of
changing ﬂow direction, was essentially 0 in high-ﬂow
grafts (Fig 4, C). In contrast, WSSG in low-ﬂow grafts
within the throat region was modest (Fig 4, B), whereas
the transient recirculation zone led to a marked elevation
in OSI that extended well beyond the throat (Fig 4, C).
Graft morphology. Vein graft sections were stained
(Fig 2) and the average luminal diameter and intimal
thickness at each axial position determined (Fig 5).
Elevated intimal growth was noted, respectively, in low-
ﬂow vs high-ﬂow proximal (77 6 4 vs 49 6 10 mm, P ¼
.002) and distal (93 6 9 vs 60 6 10 mm, P ¼ .012)
regions. Low-ﬂow grafts demonstrated mild variation of
intimal thickening along the graft. This is in contrast to
high-ﬂow grafts, where an increase in intimal thickening
was observed throughout the throat region for low-ﬂow
(83 6 7 mm) vs high-ﬂow (199 6 34 mm, P < .001),
exhibiting a maximum just distal to the throat.
Association of intimal thickness with hemody-
namics. To further explore the relationship between
intimal thickness and local hemodynamics, intimal thick-
ness was plotted against time-averaged WSS (Fig 6, A).
In regions exposed to physiologic WSS, in the range of 0 to
5 Pa, the well-established inverse correlation between
intimal thickness and WSS was observed (Fig 6, A, lower
right panel). Exposure to WSS in the supraphysiologic
range (>10 Pa) resulted in a modest increase in intimal
growth. The largest intimal thickening occurred exclusively
within the region characterized by a negative WSS, rangingfrom 1 to 3.5 Pa (Fig 6, A, lower left panel). These
were the regions immediately distal to the throat in high-
ﬂow grafts, which were exposed to ﬂow reversal for the
entire duration of the cardiac cycle.
The association between intimal thickening and the
secondary hemodynamic parameters, WSSG and OSI,
was also evaluated. Although there was a steep WSSG
within the throat region of the stenosis, this was not
spatially correlated with intimal thickening (Fig 6, B). In
contrast, OSI was essentially 0 in high-ﬂow grafts and
thus not predictive of the intimal thickening in these grafts;
however, marked oscillatory ﬂow was observed in the distal
region of low-ﬂow grafts, and a signiﬁcant relationship
between intimal thickness and OSI was observed (R2 ¼
0.57, P < .001; Fig 6, C).
DISCUSSION
This study used a well-deﬁned animal model to
examine the effect of complex ﬂow patterns on intimal
thickening in vein grafts. Speciﬁcally, we have demon-
strated that regions exposed to persistent ﬂow reversal are
most at risk for signiﬁcant intimal thickening and loss of
lumen.
Focal lesions have long been hypothesized to be critical
precursors to reductions in ﬂow and graft thrombosis. In
clinical practice, human vein bypass grafts commonly
demonstrate signiﬁcant curvature, incomplete valve lysis,
and pre-existing intimal thickening, all combining to lead
to marked luminal irregularities and regions of focal nar-
rowing. However, few studies have examined the under-
lying mechanisms that control the progression of these
lesions in humans. Limited attempts to investigate this
issue using animal models have demonstrated that intimal
hyperplasia is mildly increased distal to a stenotic vein graft
Fig 4. Wall shear stress (WSS) parameters of the grafts were
obtained from computational ﬂuid dynamics simulations. Time-
averaged (A) WSS, (B) WSS gradient (WSSG), and (C) oscilla-
tory shear index (OSI) are shown in the proximal, throat, and
distal regions of the stenosis in rabbit vein grafts. A, The high-ﬂow
grafts demonstrated a signiﬁcant elevation in WSS within the
stenosis (P < .01) and negative WSS distal to the stenosis throat,
where ﬂow reversal was present for the entire cardiac cycle. B,
WSSG was steep around the throat in high-ﬂow grafts but was
modest in low-ﬂow grafts. C, In high-ﬂow grafts, OSI was
Fig 5. A, Luminal diameter at harvest and (B) intimal thickness of
the rabbit vein grafts. Low-ﬂow grafts exhibited a modest increase
in intimal thickness over the similar regions in high-ﬂow grafts in
the proximal (P ¼ .002) and distal regions (P ¼ .012). In contrast,
marked intimal thickening was observed in the throat region of
high-ﬂow grafts, just distal to the throat of stenosis (P < .001).
The error bars indicate the standard error of the mean.
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ination of the detailed local ﬂow dynamics and failed to
provide clear insight into the mechanisms that lead to
intimal thickening in the stenotic vein grafts. The current
study is unique in its integration of well-deﬁned graft
models with detailed hemodynamic analysis to understand
the driving forces behind intimal hyperplasia.
The development of a focal stenosis creates ﬂow distur-
bance that adversely impacts cell morphology and func-
tion.15-18 In particular, ﬂow reversal and the accompanying
WSS gradient alter endothelial morphology,19 disruptessentially 0, whereas the transient recirculation zone led to
a marked elevation in OSI that extended well beyond the throat in
low-ﬂow grafts. The error bars indicate the standard error of the
mean.
Fig 6. Association between intimal thickness and wall sheer stress (WSS) parameters, including time-averaged (A)
WSS, (B) WSS gradient (WSSG), and (C) oscillatory sheer index (OSI) in rabbit vein grafts. A, The highest intimal
thickness was observed in high-ﬂow grafts at sites exposed to a relatively large negative WSS (lower left). In response to
shear stresses ranging from 0 to 5 Pa, a typical inverse relationship between intimal thickness and WSS was observed
(lower right). A WSS >10 Pa was associated with a modest increase in intimal thickening. B, Intimal thickness is poorly
correlated with the local WSSG. C, In low-ﬂow grafts, transient ﬂow reversal was observed, and a signiﬁcant rela-
tionship between intimal thickness and OSI was observed (R2 ¼ 0.57, P < .001).
JOURNAL OF VASCULAR SURGERY
476 He et al August 2014normal endothelial barrier function,20 promote monocyte
deposition,21 induce thrombus formation,22 and promote
gene expression favoring vascular lesion development.23,24
In combination, these changes have been shown to enhance
lesion development in clinical25 and in animal-based26 inves-
tigations. Our study demonstrates that complex ﬂow
patterns and ﬂow reversal exist in the grafts, with a stenosis
severity of 80% promoting intimal formation. These effects
are expected to occur also in a milder stenotic graft as deter-
mined by experimental and computational studies of
different levels of stenosis.3,27,28
Using an experimental vein graft construct that
provides changes in ﬂow, we have explored a wide range
of local ﬂow and wall shear patterns and their resultinginﬂuence on lesion development. For the range of physio-
logic shears (0 to 5 Pa), increases in local WSS inhibits
intimal growth, a ﬁnding in agreement with our previous
observations.4,29 Other mechanistic investigations support
this concept, where modest increases in physiologic wall
shear promoted nitric oxide production, inhibited extracel-
lular matrix deposition, and reduced smooth muscle cell
growth, proliferation, and migration.30
When mean WSS is >10 Pa, our data would suggest
that the beneﬁcial effect of increasing wall shear is lost and
that there is a modest augmentation in intimal formation.
This observation is in agreement with previous experimental
data,31 where very high wall shear (approaching 38 Pa)
leads to denudation of endothelial cells, exposure of a
JOURNAL OF VASCULAR SURGERY
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environment.
Endothelial injury, platelet deposition, inﬂammatory
cell inﬂux, and adventitial scarring are all transiently
induced in the early phases after vein graft implantation.32
Although hemodynamics set the background for potential
graft failure,33 the synergistic inﬂuence of these local forces
combined with this temporal response to injury deﬁnes the
trajectory of intimal hyperplasia development.34 As such,
early and late alterations in hemodynamics are likely to
result in different morphologic adaptations. The current
study focuses on the inﬂuence of a high-grade stenosis on
intimal hyperplasia development during the initial month
after graft implantation. This is a phase of active repair
for the graft, and the hemodynamic inﬂuence on platelet
binding, leukocyte inﬂux, and endothelial proliferation
will dictate graft morphology. Extrapolation of our obser-
vations to secondary stenosis development and alterations
in the hemodynamics months to years after graft implanta-
tion may not be appropriate and is a limitation of the
current model.
Inherent in the complex ﬂow environment of the
vasculature is a coupling of wall shear and intraluminal
pressure. Previous investigations focused on the remodel-
ing characteristics around a focal stenotic lesion hypothe-
sized that signiﬁcant reductions in intraluminal pressure
across the stenosis was the primary driving force for
enhanced lesion development.35 In contrast to their exper-
imental aortic stenosis construct, where pressure gradients
across the stenosis approached 40 mm Hg, we identiﬁed
only modest pressure gradient across the stenosis, esti-
mated as <5 mm Hg, even in the high-ﬂow environment.
As such, our current data suggest WSS, not intraluminal
pressure gradients, are the dominant driving forces for
accelerated lesion development distal to the stenosis throat.
Driven by the migration of smooth muscle cells into
the intima and local matrix deposition, thickening of the
intima and progressive narrowing of the lumen have been
hypothesized as the primary cause for bypass graft failure.
For several decades, animal models have been used to
investigate the mechanisms of intimal hyperplasia as the
principal pathology underlying these events but have failed
to duplicate the rapid, segmental growth of lesions that are
observed in the human vein graft. However, data support-
ing intimal hyperplasia as the singular etiology for lesion
development in human grafts are lacking. Almost certainly,
the pathologic events leading to graft lumen loss in patients
involves the intersection of intimal hyperplasia and the
deposition of blood elements, such as platelets and ﬁbrin,
on the graft luminal surface.36,37 We postulate that the
mechanism for the rapid intimal thickening of high grade
stenotic lesions within weeks to months after implantation
is through the combination of intimal hyperplasia and the
remodeling of thrombus. We demonstrate that highly
disordered, reverse-ﬂow regions are prone to accelerated
intimal hyperplasia and local thrombus deposition. Within
28 days after implantation, remodeling of the thrombus,
with the inﬂux of ﬁbroblasts and the deposition of matrix,has been initiated, such that the distinct regions separating
these pathologies are not clearly evident (Fig 2, B). The
result is a matrix-rich lesion with sparse cellularity, charac-
teristic of the histology observed from high-grade human
vein graft stenoses.
Although the current animal model and the creation of
a de novo stenosis do not accurately duplicate the progres-
sive stenosis observed clinically, they provide valuable
insight into the effect of local ﬂow disturbance on the
complex pre-existing pathologies that lead to severe
luminal narrowing. Unexplained is how mild to moderate
human vein graft lesions appear to rapidly progress toward
a high-grade stenosis. Our results demonstrate a tipping
point at which stable lesions are displaced from their state
of equilibrium, with the initiation of disordered ﬂow
patterns as the driving force for the resulting instability.
The migration of the local hemodynamics into a new
ﬂow regimen accelerates the intimal hyperplastic response
and surface deposition of thrombus, which in combination
lead to rapid thickening of the wall and loss of lumen. A
dynamic system to examine the complex interplay between
biomechanical forces and the biologic response is currently
being developed by our group to provide further insight
into these issues. In parallel, our group has conducted
a prospective evaluation of human vein graft remodeling,
using high-resolution computed tomography imaging and
computational ﬂow modeling, to deﬁne the relationship
between local hemodynamics and wall adaptation.
CONCLUSIONS
Human vein grafts are commonly characterized by
a complex ﬂow environment that results in a wide range
of local hemodynamic conditions. Most of these ﬂow
conditions lead to a stable phenotype; however, constant
ﬂow reversal disrupts the local homeostasis of the graft,
resulting in a marked acceleration of intimal growth and
further luminal narrowing.
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Supplementary Fig (online only). A, To maximize the accuracy of the wall shear stress (WSS) estimate within the
region of the stenosis, a quadrilateral mesh near the wall and a triangular mesh in the bulk ﬂuid were used. A denser grid
was generated at the stenosis where large curvature existed. B, Measured pulsatile ﬂow rates for both low-ﬂow and
high-ﬂow rabbit grafts at the time of graft implantation. Note that low-ﬂow grafts demonstrated a negative portion
during diastole.
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